Abstract-On-chip flow cytometry provides a powerful tool to characterize cell samples for point-of-care diagnosis. In particular, sample focusing at specific locations along the microchannel is crucial to ensure the accuracy of detection. In this paper, we present a simple strategy of interfacing an RF-activated standing surface acoustic wave (SSAW) substrate with a microfluidic channel, and use this device to study the dynamic process of particle aggregation along the microchannel. Specifically, the SSAW generated by two parallel interdigital transducers induces an acoustic radiation force that propels particles suspended in the liquid toward the pressure nodes whose locations are tunable by judicious choice of the applied SSAW frequency. We also carry out a theoretical analysis that provides an estimation of the time for the particle assembly, which is validated by experimental results. This SSAW transducer can therefore be easily integrated into a microfluidic chip with moderate energy consumption, offering a convenient and effective solution in the development of on-chip flow cytometry.
RF-Activated Standing Surface Acoustic Wave
for On-Chip Particle Manipulation bioparticles usually exist in fluidic environment, microfluidics-based lab-on-a-chip devices provide excellent platforms for various biomedical manipulations and assays. The amazingly fast development of lab-on-a-chip technology in recent decades has had a profound impact on the food and healthcare industries [1] - [3] , as well as novel applications in bio-defense against bioterrorism and bio-warfare [4] . Many experimental techniques for microparticle manipulation have been extensively reported in prior studies, such as using biochemical [5] , electrokinetic [6] , optical [7] , and magnetic [8] methods. Compared to these conventional techniques, another popular method that utilizes acoustics to drive microfluidic actuation has shown distinct advantage as an easy tool for manipulation of colloidal particles [9] - [11] . Using various types of ultrasonic transducers, acoustic energy can be easily transmitted into colloidal particle suspensions in confined micro-geometry. The acoustic radiation force due to the standing wave in the carrier medium drives the particles to the local pressure nodes. This unique phenomenon can be applied for particle concentration, positioning, and fractionation. Compared with other popular techniques, acoustic particle manipulation does not require fluorescence or magnetic labels; avoids direct coupling of the electric field into the fluid, therefore circumventing undesirable electrochemical reaction and joule heating effects; and does not affect the bioelectricity, and thus causes less stress on the biological cell membrane. Consequently, acoustic methods have higher biocompatibility for biomedical applications. A typical and interesting application is to use acoustic focusing of biological cells into a thin stream for sample preparation and for micro flow cytometry [12] . Most previous devices that employ acoustic fields to manipulate microparticles create bulk standing waves through piezoelectric transducers. Recently, surface acoustic wave (SAW) devices have become more popular because of their design flexibility, ability for further downscaling, and on-chip integration through the use of interdigitated transducers (IDTs) [13] . Subtle positioning in 1-D or 2-D arrays with finer resolution down to the size of a single cell can be achieved by controlling the excitation frequency and configuration of the IDTs [14] - [19] . A sinusoidal pressure wave in the suspending medium is generated from the fluid-substrate interaction. One of the major challenges when interfacing the SAW substrate and the microfluidic chip is how to transmit the acoustic energy in desired locations inside the microchannel efficiently.
However, most polymeric materials commonly used for microfabrication, such as polydimethylsiloxane (PDMS) due to their low cost and ease of rapid prototyping, are unfortunately 0018-9480 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. soft, and hence, acoustically very lossy [20] . Therefore, we used a popular design of hollow chambers formed by the PDMS channel and lithium niobate (LiNbO ) substrate ( Fig. 1) for interfacing of the SAW transducer with the microchannel.
There is an air gap of 25 m in the chamber to avoid direct contact between the soft polymer and piezoelectric substrate, thereby reducing the acoustic energy absorption into PDMS. This design reduces the acoustic barrier to discrete PDMS channel walls, which has a minimal thickness just sufficient for proper channel sealing. Using this device, we studied the dynamics of the particle aligning under acoustic radiation force inside a microchannel by theoretical formulation, which has been briefly reported earlier [21] . Herein, in this work, the theoretical model was further expanded (Section II), and more importantly, the acoustic vibration of the channel substrate was directly measured and the data were compared with the results by numerical simulation (Section III).
II. THEORY AND METHOD Fig. 2 shows the generation of an SSAW using an array of IDTs photolithographically patterned on a single-crystal LiNbO substrate (128 -rotated, Y-cut, -propagating, Roditi Ltd.) with a resonance frequency of MHz. The IDT arrays patterned on the 4-in (diameter) LiNbO wafer were diced into small chips each with a size of 5 cm 2.5 cm. Upon excitation by a continuous sinusoidal RF signal of 19.65 MHz, the IDTs generate SSAWs along the surface of the LiNbO substrate. Considering the sound velocity on the substrate surface m/s [22] , the SSAW has a wavelength of 193 m
. To investigate the effect of particle size with respect to the aggregation time, mono-dispersed fluorescent and nonfluorescent polystyrene particles with different sizes were used in the experiment. The particle sizes used are 0.5, 1, 2.2, 3, 3.5, 4.8, and 5.7 m, respectively. The particle suspension was introduced into the microchannel by a syringe pump. An inverted microscope and a charge coupled device (CCD) camera were used to visualize and record the particle aggregation.
A. Dynamics of Particle Aggregation Under SSAW
When a particle is suspended in liquid, it is subject to pressure fluctuations on its surface due to the longitudinal sound waves transmitted from the piezoelectric substrate to the liquid as the SSAW transverses it [23] . The pressure fluctuation culminates in an acoustic radiation force exerted on the particle, which consists of two major components due to both the rigid and compressible mechanical properties of the particle. Assuming the wavelength of the acoustic wave is , the wavenumber is , and the particle radius is , we can introduce a characteristic parameter to indicate the aspect ratio between the particle size and the acoustic wavelength . For a small rigid sphere subject to a SSAW in the -direction, Nyborg [24] developed a simple theoretical model that represents the rigid component of the acoustic radiation force (1) where is the volume of particle, is the density ratio between the particle and the suspending fluid, is the time-averaged kinetic energy density, and is the time-averaged potential energy density. The transient forms of and are given by (2) where is the velocity of the fluid material element, is the acoustic pressure, and is the sound speed in the fluid. For a planar standing wave, the acoustic pressure and material velocity along the -direction are expressed as (3) (4) where is the pressure magnitude. The time-averaged energy densities and their spatial gradient can then be expressed as
Substituting (5) into (1), the acoustic radiation force on a rigid sphere can then be obtained, (6) For a very small compressible spherical particle , the time-averaged acoustic radiation force has been derived by Eller [25] , (7) where is the instantaneous particle volume. For a small sphere, can be written as [25] 
where and are the density and the sound speed in the particle material, respectively; is the original particle volume. Substituting (3) and (8) into (7), we can then obtain the instantaneous force attributed to the compressible component (9) Integrating (9) over one wave cycle, the time-averaged force due to the compressible component reads (10) where and . Summing both the rigid and compressible contributions to the force in (6) and (10), the total acoustic radiation force acting on a particle is then (11) where represents the acoustic contrast factor of the particle relative to the suspending fluid, and represents the acoustic energy input into suspending medium. Therefore, the total acoustic force in (11) can be simply written as (12) Fig. 3 . Schematic illustration of the device and working principle of the SSAW particle focusing in a microfluidic channel.
The Stokes drag force on a spherical particle moving in fluid, on the other hand, is expressed as [23] ( 13) where is the fluid viscosity, and is the velocity of the particle relative to the fluid. Here, we only consider the particle focusing under moderate acoustic power, which is sufficiently low such that acoustic streaming is negligible; therefore, in the absence of fluid flow, the relative particle velocity is the same as its absolute velocity.
The particle motion involves two phases, as illustrated in Fig. 3 : an initial acceleration transient followed by an equilibrium phase. When the acoustic field is first applied, the particle starts to move under the acoustic radiation force. Since is proportional to the particle velocity, the initial frictional force is smaller than when the velocity is still low, and hence the particle accelerates. After a short moment when the particle velocity reaches a threshold value, becomes equal to , and the particle reaches an equilibrium state and moves at a constant velocity. The dynamic equation of the particle motion is expressed as (14a)
Substitute (13) into (14) and solve the differential equation, we obtain the particle velocity (14b)
The characteristic time scale for the particle to reach steady state is then (14c) Considering a particle of radius m and density of kg m , the characteristic time is approximately 0.1 ms. Since this acceleration phase is extremely short compared to the time scale over which the external forces vary, the acceleration phase is negligible, and hence the particle appears to move at an equilibrium velocity expressed as (14d) Substitute (12) into (14d) and consider the original particle volume , the equilibrium velocity reads (15) where is the acoustic wavelength. Since , integrating (15) then allows the maximum time required for the particle to assemble at the pressure nodes to be derived, (16) where is a time scale factor given by (17) Obviously this factor is only dependent on the aspect ratio of the particle . As implied by (16), the total time taken for a particle to aggregate at the pressure node is proportional to the time scale factor for a given power input and acoustic contrast factor. The integration limit in (16) for the particle displacement is from to , as shown in Fig. 3 . This mathematical manipulation avoids the problem that, theoretically, the particle can maintain equilibrium both at the antinodes (unstable equilibrium due to the acoustic pressure balance) and nodes (stable equilibrium due to zero acoustic pressure). In reality, however, the particles initially located at antinodes can be easily deflected by weak disturbances and move to the nodes eventually.
B. Numerical Modeling of SSAW
To simulate the generation of SSAW in this system, we established a simplified 2-D model using a finite-element method (FEM) commercial package (COMSOL Multiphysics 4.3b) in which the acoustic-piezoelectric interaction module in the frequency domain was selected for multi-physical coupling. This acoustic-piezoelectric system can be generally described by the Maxwell's equations and the stress-strain equations [27] (18) (19) where is the mechanical stress vector, is the elasticity matrix, is the strain vector, is the piezoelectric stress matrix, is the electric field vector, is the electric displacement vector, and is the dielectric matrix. The superscript " " indicates the transpose of the matrix.
For simplicity, the computation domain is limited to a thin region of the piezoelectric substrate underneath the IDTs since the mechanical motion is limited near the surface. A sinusoidal electric voltage with a peak-to-peak magnitude of 0.35 V and frequency of 19.65 MHz is applied as the electrical boundary condition at the IDT-substrate interface, while other boundaries of the piezoelectric substrate were assumed to be zero charge. Mechanically, the boundary of IDTs was set as free surface since there is no applied load or constraint. An adaptive mesh setting was applied in this model, in which fine mesh size was used for most computation domain, while ultra-fine mesh size was specified for the region near the electrodes. Generally, the mesh size in this model has a maximum of 2 m and a minimum of 
C. Device Fabrication
In order to fabricate the IDTs, an LiNbO substrate was first patterned with a thin layer of photoresist with the desired negative IDT structure using photolithography. The patterned substrate was then deposited with dual metal layers (Al/Ti) to enhance the bonding of the electrodes with 25-m-thick aluminum sputtered on top of a 4-nm titanium adhesion layer. After a lift-off process, the metal IDTs were created on the substrate with a finger and gap width of 49 m. A PDMS microchannel with hollow side chambers was then fabricated by standard soft lithography. The microchannel has a width of 290 m, height of 25 m, and length of 2 cm. Finally, the PDMS channel and the LiNbO substrate were aligned and bonded. The detailed fabrication procedures are illustrated in Fig. 4 .
III. RESULTS AND DISCUSSION
The SSAW can be characterized by monitoring the displacement of the substrate material along the surface. Fig. 5(a) shows the simulated material displacement along the LiNbO substrate at the IDT region. Fig. 5(b), 1 on the other hand, shows the measured surface displacement of the oscillation on the substrate beneath the microfluidic channel using a scanning laser Doppler vibrometer (LDV) system. Both simulated results and experimental results indicate that the sinusoidal SSAW has a wavelength of 190 5 m, which is consistent with the theoretical analysis in the previous section. However, the simulated magnitude of surface displacement [about 0.25 nm in Fig. 5(a) ] is greater than the measured magnitude [0.12 0.02 nm in Fig. 5(b) ]. We speculate that this discrepancy is mainly due to the attenuation when the SSAW propagates from the IDTs to the channel, and also due to the energy dissipation from the substrate to the loading fluid inside the channel.
As an important objective of this study, we investigated the dynamics of particle aggregation along the acoustic pressure nodal lines in a microchannel. Fig. 6 shows the chronological image sequence of particle aggregation under the SSAW, using 0.5-and 2.2-m particles as examples. Upon excitation by a sinusoidal RF signal with the same frequency as the IDT resonance frequency, the SSAW exerts acoustic radiation force on the microparticles, which are pushed to the pressure nodal lines where they are subject to zero net force. In Fig. 6 , both microparticles are homogeneously dispersed in the carrying liquid initially (image #1). After excitation of the RF-activated SSAW, all the particles start to accumulate rapidly along several straight lines in the microchannel. Using the scanning LDV measurement [see Fig. 5(b) ], we have verified that these straight lines are corresponding to the acoustic pressure nodes inside the microchannel. Obviously it takes much longer time for 0.5-m particles to aggregate compared to 2.2-m particles.
As implied in (16), the time taken for this induced aggregation process depends on the ratio of particle size relative to the SSAW wavelength , the acoustic contrast factor of the particle relative to the suspending medium, and the acoustic power input into the carrying liquid. Therefore, we studied the effects of the particle size and acoustic power on the aggregation time.
The experimental results of the aggregation time for particles with various sizes, both fluorescent and nonfluorescent, are shown in Fig. 7(a) . It should be noted that it is rather challenging to determine the accurate aggregation time of extremely small particles (close to or below 1 m) due to strong diffusion that is working against further acoustic focusing after aggregation occurs. It has been observed that when the RF excitation is switched off, the aggregated particles, especially for particles smaller than 1 m, disperse away from the nodal lines, while the particles larger than 2 m can still maintain their alignment along the nodal lines.
In order to tone down the measurement error due to this uncertainty, the reciprocal of aggregation time is presented as a function of the aspect ratio , according to the following equation: (20) The theoretical analysis in this work predicts that, for a given acoustic power and SSAW wavelength, the aggregation time decreases with increasing the particle size. The experimental data in Fig. 7(a) show the major trend as predicted by the theory, although the nonfluorescent and fluorescent particles follow slightly different trends. We speculate that this deviation may arise from the difference in the acoustic contrast between these two groups of particles.
The particle aggregation under different acoustic power was also studied for 3-m fluorescent particles and 3.5-m nonfluorescent particles. The experimental results in Fig. 7(b) show that the aggregation time is inversely proportional to the power input, as predicted by (20) . This result implies that relatively higher power input is desirable for rapid particle aggregation. However, in reality, one should also consider other side effects under extremely high acoustic power, such as acoustic streaming, heating, and bubbling due to the liquid evaporation. Fortunately, it is found that the microfluidic flow in this SSAW device is free of acoustic streaming or heating under moderate power input in the range of a few milliwatts.
IV. CONCLUSION
This study has mainly focused on the analysis of the particle focusing dynamics using an SSAW in a microfluidic channel under different effects, such as particle materials, particle size, and acoustic power. The analytical model was derived to predict the focusing time to evaluate how fast the acoustic focusing can be realized, which has not been shown in prior studies [27] . In addition, as another major contribution, the instantaneous mechanical vibrations inside this acoustofluidic system were directly measured with a micro-scanning LDV, and the experimental data showed acceptable agreement with the numerical simulation. The time taken for the particle to align along the acoustic pressure nodes was observed to depend on the acoustic power of the vibration, the acoustic contrast of the particle relative to the suspending medium, and the aspect ratio of the particle size to the acoustic wavelength. Specifically, the particle aggregation time decreases if the acoustic power increases, or if the particle has greater size or acoustic contrast factors.
